We systematically study the effect of oxygen content on the magneto-transport and microstructure of Fe:O:C nanowires deposited by focused-electron-beam-induced (FEBID) deposition. The Fe/O ratio can be varied with an Fe content varying between ∼50 and 80 at.% with overall low C content (≈16 ± 3 at.%) by adding H 2 O during the deposition while keeping the beam parameters constant as measured by energy dispersive x-ray (EDX) spectroscopy. The room-temperature magnetic properties for deposits with an Fe content of 66-71 at.% are investigated using the magneto-optical Kerr effect (MOKE) and electric magneto-transport measurements. The nanostructure of the deposits is investigated through cross-sectional high-resolution transmission electron microscopy (HRTEM) imaging, allowing us to link the observed magneto-resistance and resistivity to the transport mechanism in the deposits. These results demonstrate that functional magnetic nanostructures can be created, paving the way for new magnetic or even spintronics devices.
Introduction
The need to find direct ways of material deposition in both 3D and at the nanoscale is a challenging field in which beaminduced deposition (BID) techniques are very successful [1] . It is a direct-write technique where a focused beam of ions or electrons locally decomposes a precursor gas, containing the element/material that needs to be deposited on a notnecessarily flat surface. As there are always drawbacks with a new technique, the most important one of BID for using the intrinsic properties, e.g. the conductivity or magnetic properties of an element/material, is the purity of the deposited material [2] . This is due to the organometallic nature of the precursor gas, i.e. the decomposition of the precursor gas is not complete, but also the incorporation of species present in the vacuum chamber during the deposition. The field is, however, rapidly evolving and recently many reports have appeared on nearly pure materials deposited using different precursors and purification techniques; for an extended overview see [1] [2] [3] and references therein. Specifically, for the deposition of ferromagnetic materials the use of the Co 2 (CO) 8 precursor has been very successful for focused-electron-beam-induced deposition (FEBID) [4] , resulting in almost pure Co (in high vacuum), for sufficiently high beam currents, with magnetic and electric behavior closely resembling pure Co [5] [6] [7] .
Many studies have focused on depositing Fe by BID using different precursors, but a detailed study has not been conducted on linking the magnetic properties to the microstructure, magneto-transport and composition [8] [9] [10] [11] [12] [13] [14] . In this paper we focus on the electrical and magnetic properties of Fe deposited by FEBID from an Fe 2 (CO) 9 precursor, which to our knowledge has not been used before. We will first characterize the Fe, O and C content as measured in situ by energy dispersive x-ray (EDX) spectroscopy as a function of the beam parameters (current and energy). This will be followed by an analysis where we add H 2 O to the vacuum chamber during the deposition, giving us the ability to vary the Fe content while keeping the beam parameters constant. To determine the magnetic properties we will analyze the deposited material by the magneto-optical Kerr effect (MOKE) magnetometry and electrical magneto-transport measurements. This data combined with cross-sectional high-resolution transmission electron microscopy (HRTEM) will allow us to link the observed magneto-resistance and resistivity with the microscopic structure of the wires. We will show that the deposits exhibit genuine ferromagnetic properties and can be used for magneto-resistance (MR) applications. We anticipate that the presented results will facilitate the use of FEBID for the creation of magnetic nanostructures for a wide range of applications.
Experimental details
All depositions are made on Si substrates coated with at least 100 nm SiO 2 , to ensure good electrical isolation from the substrate. The substrates are pre-patterned with Ti/Au or Al contacts to perform transport measurements in a fourpoint or Hall bar geometry to measure the Hall effect. The Fe deposits are made with a commercial 'dual-beam' system (Nova 600i NanoLab, FEI Company) using a field-emission electron source. For the deposition we use the standard gas injection system (GIS) containing an Fe 2 (CO) 9 precursor gas. The temperature of the GIS is kept constant at 27
• C since a phase transition has been observed when the precursor is heated above 35
• C, decreasing the lifetime of the precursor. The base pressure of our system is typically ∼2 × 10 −6 mbar, but during the deposition the process pressure in the chamber rises to ∼4 × 10 −6 mbar. The GIS tip is positioned about 150 μm away from the region of interest in the z direction and about 50 μm away in the x/y direction. We have used beam energies in the range of 2-30 keV and a beam current in the range of 0.7-22 nA (maximum for our apparatus) and a dwell time of 1 μs. The typical beam current density (total current/area defined by the FWHM) as obtained by the settings of the apparatus are 0.49, 1.29, 3.91 and 7.95 pA nm −2 for 2, 5, 15 and 30 kV, respectively. Typical dimensions of the deposits used for the electrical measurements are bar-like with length = 12 μm, width = 500 nm and height = 200 nm, unless stated otherwise.
To vary the Fe content in our deposits we intentionally add H 2 O by means of a magnesium heptahydrate (MgSO 4 (H 2 O) 7 )-containing reservoir which releases water vapor. The reservoir is connected to an inlet valve from which the flow can be regulated by a needle valve as is widely used for the deposition of the insulator TEOS [15] ; the H 2 O partial pressure can therefore be considered constant throughout the chamber. The H 2 O background pressure is first set by monitoring the partial H 2 O pressure in the vacuum chamber with a residual gas analyzer (RGA) from MKS Instruments (Vac-Check LM78). When the H 2 O background pressure has reached its set point the RGA is switched off, the Fe GIS is inserted and the deposition is made.
In situ EDX is performed to determine the composition of the deposits by making 500 nm × 500 nm deposits with at least 100 nm thickness. All the measurements are done using 2 keV electrons in order to only probe the deposit and not the substrate. For a quantitative analysis of the composition a fit of the EDX spectrum using the L-lines of Fe and the K-lines of O and C is performed. Note here that we only observe the elements Fe, O and C in all measured spectra, which are the constituents of the precursor and the most likely 'contamination' elements related to the background pressure of the vacuum chamber. We have checked the EDX spectrum using 30 keV electrons, and the only extra element that is detected is the Si of the substrate. The uncertainty in the composition found from EDX has been determined to be ±2 at.%.
The morphology, microstructure and crystal structure of the deposits has been investigated by HRTEM in an aberrationcorrected FEI Titan Cubed TEM at an acceleration voltage of 300 keV. For this purpose, cross-section TEM lamellas of the deposits have been fabricated out of identical deposits in an FEI Helios 600 Nanolab dual-beam system. Final thinning has been done by operating the ion column of the Helios at 5 keV to reduce the amorphization layers induced by surface beam damage.
The magnetic properties at room temperature are determined using longitudinal MOKE in a wide-field Kerr microscope from Evico Magnetics [16] and in a set-up with a laser spot focused down to ∼2 μm, making it possible to detect the Kerr effect on small deposits. With MOKE the magnetization is probed up to the light penetration depth of ∼20 nm. Secondly, the magneto-resistance (MR) and Hall effect are used to evaluate the magnetic behavior. In the MR measurement an average magnetization behavior over the whole probed current path is obtained.
Results and discussion

Fe content as a function of beam settings
To map the effect of the beam energy and current on the composition of the deposits we have performed in situ EDX microanalysis of the deposits fabricated with different combinations of beam energy and current. A summary of the results is listed in table 1. In agreement with earlier studies, the highest Fe content is found for high beam currents and, to a lesser extent, at low beam energy [6, 17] . Note that the C content can be considered constant at 16 ± 3 at.% and the Fe/O ratio varies. This is in contrast to a recent report of Co-FEBID [18] where it was shown that the Co/C ratio strongly varies with a nearly constant O content, confirming the delicate differences in the deposition processes in FEBID when using different precursors/set-ups. In figure 1 (a) we show the results obtained at 5 keV clearly showing the higher Fe content at higher beam current at the expense of the O content. The higher Fe content obtained at higher current is probably related to a local heating effect occurring when a high beam current with low energy is used. The energy is locally dissipated, mainly close to the surface where the precursor decomposition is taking place. Another effect that influences the final Fe content is the higher growth rate at high beam currents (see figure 1(b) ), which in turn decreases the relative amount of contaminants present in the vacuum chamber to be incorporated in the deposit. In contrast, pure Fe deposits have been obtained by FEBID before, but they were all performed under UHV base pressure conditions (<10 −9 mbar) [19, 14] . To determine in which deposition regime we are operating for this precursor we have measured the deposition rate as a function of beam current. The results are shown in figure 1(b) where the volume of the deposits has been determined using atomic force microscopy (AFM). From figure 1(b) we can clearly see that the deposition rate scales linearly with the electron current, indicating a constant yield of 3.2 × 10 −4 μm 3 nC −1 . This implies that we are depositing in the electron-limited regime, i.e. the deposition rate is limited by the electron current and not by the precursor flux since in that case the deposition rate versus electron current would be constant. The observed yield is in the same order of magnitude as found for other standard precursors.
Fe content versus chamber and partial H 2 O pressure
The deposit composition as a function of chamber base pressure is shown in figure 2 (a). Here we have varied the starting chamber pressure by depositing after a certain pumpdown time (in this figure between 0.5 and 3 h) of the vacuum chamber. The typical partial pressures of the main constituents in the vacuum chamber as obtained by the RGA are shown as a function of pumping time in the inset. We observe that the partial H 2 O and O 2 pressure decrease strongly in the first 7 h after the pump starts. A weak dependence of the Fe content on the total chamber pressure is observed. In contrast, with increasing chamber pressure the O content strongly increases and the C content decreases. Apparently, a high H 2 O and O 2 partial pressure oxidizes the Fe and C. A similar trend was seen by Shimojo et al [20] where they suggested that H 2 O acts as an O source oxidizing the Fe and C, leading to the relative increase of the O content compared to the C content.
Since this way of tuning the relative constituents of the deposits is very cumbersome and hard to reproduce we have chosen to intentionally introduce H 2 O into the vacuum chamber after the chamber pressure has reached its base pressure (see section 2). The result is shown in figure 2(b) . In contrast to figure 2(a), a clear decrease of the Fe content is seen for increasing partial H 2 O pressure. Again the O content increases but now the C content only decreases slightly. This indicates that the H 2 O is directly oxidizing the Fe and, to a lesser extent, the C, or the formed C oxides are volatile and are easily pumped out of the chamber. To what extent the partial decomposition of the precursor compared to the inclusion and reaction with the residual gasses in the chamber determine the final composition is beyond the scope of this paper. We have, however, found a way to directly tune the Fe content by changing the partial H 2 O pressure with the added advantage to be able to always start the deposition with identical (beam) conditions. The (reproducible) lower limit of the Fe content using this technique is ∼50 ± 5 at.% Fe, i.e. addition of more H 2 O does not lead to a further decrease in the Fe content. We have to note here that a decrease in the yield is observed when very high H 2 O partial pressures are used (>10 −5 mbar), possibly explaining a transition to a precursor-limited growth regime, which would need further investigation. 
Microstructure
has been grown with a high H 2 O partial pressure of 1.52 × 10 −6 mbar in the growth atmosphere, whereas during the deposition of samples (b) and (c) no water was added. Deposit (a) is on the lowest limit on the Fe content grown with water atmosphere. We have chosen to study sample (a) since it presents special microstructural features with respect to the other two and is a good example of the microstructural properties when H 2 O is added. In this sample, the formation of large crystals is observed with ∼200 nm in length (thickness of the deposit) and ∼20 nm in width of spinel-type crystal size. A fast Fourier transform (FFT) analysis of the images indicates the majority of lattice fringes match those of iron oxides with high O content, such as Fe 2 O 3 or Fe 3 O 4 . An example of this is illustrated in the inset of figure 3(b) , where the FFT of a grain displaying spots corresponding to the spinel structure of iron oxide is displayed. Though a quantitative analysis is not feasible, it is clear that the presence of spinel-like iron oxides is predominant. This is in agreement with the compositional analysis where a very high O content is observed, most likely forming a compound with iron. The presence of metallic Fe cannot be excluded, as many periodicities are nearly common with other iron oxides, but always in a residual amount.
Sample (b) with composition Fe:64 O:28 C:8 shows a microstructure which is composed in the majority of an amorphous matrix, as can be deduced from the absence of lattice fringes in most parts of the image and predominantly diffuse scattering in the FFT. This amorphous matrix contains small crystalline particles of ∼1-2 nm size whose FFT can be easily indexed as α-Fe, in sharp contrast with sample (a) where reflections unequivocally associated with iron oxide can be found. Finally, sample (c) with composition Fe:76 O:12 C:12, shown in figures 3(e) and (f), shows a microstructure similar to sample (b). Again an amorphous matrix is observed, though, compared to sample (b), with a lower amount of crystals. This leads us to conclude that, in the presence of high partial H 2 O pressures, a different growth mechanism is induced leading to ∼200 nm in length (thickness of the deposit) and ∼20 nm in width of spinel-type FeO x crystals. At lower H 2 O partial pressures the growth mechanism tends to an amorphous state where only a few crystalline grains are formed. Comparing this observation with figure 2(b) where the C content decreases at high partial H 2 O pressures might indicate that a more complete dissociation of the precursor is obtained in the presence of H 2 O. In this case, water can be thought of as a catalyst directly oxidizing the Fe to form FeO x and oxidizing the C that might result in volatile species that are more easily pumped out of the chamber. For the following we need to keep in mind that the deposits are mainly an amorphous mixture of Fe, C and O, and on decreasing the Fe content a higher degree of FeO x crystals are formed.
Electrical transport mechanism
The electrical transport mechanism in our deposits and the relation with the structural properties (HRTEM) is far from trivial and requires a further detailed investigation. Here we will only present the relevant data to understand the MR behavior presented in section 3.5, and a detailed study of the transport mechanism will be published elsewhere [21] .
The resistivity at room temperature as a function of the Fe content is shown in figure 4 . A correlation is observed between the Fe content and resistivity; with decreasing Fe content the resistivity increases. In figure 2(b) we showed that on decreasing the Fe content by adding H 2 O the relative O content increases. We believe that this is the main reason behind the increasing resistivity. This corresponds well with the observations from HRTEM where the increasing amount of FeO x crystals with decreasing Fe content was observed. The Fe oxides, known to be good insulators, would indeed lead to increasingly insulating behavior. The sharp increase of the resistivity of the sample at ∼44 at.% Fe corresponds well with the formation of large FeO x crystals as seen in figures 3(a) and (b). To compare, we also show the resistivity values found in the literature of pure Fe, Fe 2 O 3 and Fe 3 O 4 [22, 23] . The resistivity values for the samples with more than 60 at.% Fe are sufficiently below these values. Hence, the change in resistivity as a function of Fe content can be qualitatively explained as follows. At large Fe content (>70%) the resistivity value is below 100 μ cm, as expected in a metallic system. In this content range the metallic conductivity is provided by the dominating metallic amorphous Fe:O:C matrix. Below 55% Fe content, the resistivity is higher than 1000 μ cm, similar to that of Fe 3 O 4 , thus being away from the metallic conduction regime. This correlates with the dominating contribution of the poorly conducting FeO x crystals present across the whole sample. Between 55% and 70% Fe content, the sample is likely to be quite heterogeneous, with a mixture of regions dominated either by the metallic amorphous Fe:O:C matrix or by the insulating iron oxides. Samples with around 70% Fe content seem to mark the limit of metallic percolation. A more profound study of this aspect, including studies of the temperature dependence of the resistivity, will be reported elsewhere [21] .
Magnetic properties
Let us now concentrate on the magnetic properties. To compare the magnetic behavior of the FEBID-Fe with pure Fe, we have fabricated a reference sample of pure Fe (12 μm long, 1 μm wide and 30 nm thick) using standard lithography and sputter deposition. In figure 5 we compare MOKE and MR measurements between the pure Fe structure (shown in (a) and (b)) and FEBID-Fe (Fe:72 O:15 C:13) (shown in (c) and (d)) for a field applied along the long axis of the structure. We observe a square MOKE hysteresis loop as expected for the pure Fe structure in (a) with the easy axis along the long axis of the structure. In (b) the MR measurement of the same structure is shown, defined as MR long % = 100 × [ρ(H ) − ρ min ]/ρ min . The MR found is attributed to the anisotropic magneto-resistance (AMR) effect well known for transition metals [24] . In short, the AMR reflects the dependence of the sample resistance with the angle formed by the current and the magnetic field. In this case, the resistance is higher if both are parallel and lower when under an angle. This is what is observed in (b); at high fields all the moments/magnetic domains are aligned with the current (along the long axis of the wire) giving a high resistance. When the magnetic field is reduced the magnetic structure relaxes to an energetically more favorable situation (formation of a multi-domain state) where the magnetization is rotated away from the current direction, leading to a reduced resistance. Eventually, when the field changes sign and is increased further the magnetization direction switches, corresponding to the hysteresis measured with MOKE in (a).
The results on the FEBID-Fe deposits are shown in figures 5(c) and (d) for MOKE and MR, respectively. The first observation from the MOKE data is that the signal-tonoise ratio is low. This can be attributed to the lower Fe content, the small deposit size (≈500 nm wide wire where a 2 μm laser spot size is used) and a rounded top surface of the deposit, decreasing the Kerr efficiency. Despite the experimental limitation we do observe a clear hysteresis loop but now with a gradual switch indicating a less well-defined easy axis compared to the pure Fe structure. The MR curve shown in (d) shows a similar behavior as in the pure Fe case, i.e. a combination of gradual rotation and fast switching of the magnetization. Compared to the MR data of the pure Fe sample in (b) we observe small additional jumps in the signal, indicating that there are magnetic domains switching at different applied fields. Furthermore, the relatively decreased MR at remanence compared to pure Fe could indicate that a more complex magnetic domain structure is present during magnetization switching. As a first conclusion the hysteresis in the MOKE measurement and switching behavior in the MR measurement indicate that the FEBID-Fe deposits show genuine ferromagnetic behavior.
To investigate the domain switching behavior as seen in figure 5(d) in more detail we have performed Kerr microscopy on a comparable FEBID-Fe sample, although larger (100 μm× 120 μm and 160 nm thick, made in a deposition run of 22 h), due to the limited resolution of the Kerr microscopy technique (∼400 nm). In (a) we show the hysteresis loop of this sample by measuring the light intensity of wide-field Kerr microscopy images as a function of field. The insets show the Kerr images taken when the sample is saturated in the applied field direction. The gray/black scale clearly indicates the magnetic contrast. In (b) and (c) the domain structure is imaged at remanence as indicated in (a) by the * for longitudinal (b) and transverse (c) Kerr sensitivity as indicated by the dotted arrows. In (b) we have drawn the domain structure as can be deduced from the combination of the contrast observed in the longitudinal and transverse Kerr sensitivity. A typical fluxclosure domain structure can be observed, again confirming the ferromagnetic behavior. Furthermore, next to the flux-closure domain structure we observe a complex small domain structure probably due to the relative thick film allowing domains to be formed in the thickness of the film. Hence, the complex switching behavior and low MR at remanence in the MR measurement shown in figure 5(d) of the bar-shaped deposit can be explained by the formation of a complex multi-domain state during the magnetization switching as seen in figure 6(b) .
In figure 7 (a) the perpendicular MR measured up to ±9 T is shown, in this case the external field is applied perpendicular to the substrate. We show the results for three different FEBIDFe deposits with a resistivity of 190, 530 and 7310 μ cm labeled M1, M2 and M3, respectively (composition in the figure label). The MR perp % = 100 × [ρ(H ) − ρ(H = 0)]/ρ(H = 0) is now normalized to the resistivity at zero field since for high resistive samples (M3) a non-saturating MR effect is observed. For the two lowest resistive samples (M1 and M2) a certain field is required to pull all the magnetic moments out of plane. The field required depends on the aspect ratio of the deposit and the saturation magnetization (demagnetization field). This behavior, combined with the longitudinal MR behavior presented in figure 5(d) , clearly indicates AMR, i.e. the MR is constant for high fields corresponding to a saturation of the magnetization in the perpendicular direction. Between ±1 T we see the effect of the magnetic moments turning from saturation back into the plane. The different magnitude of the total AMR observed in samples M1 and M2 can be attributed to the difference in the total resistivity [21] .
For the high resistivity sample (M3) we see a completely different behavior, i.e. a linear slope proportional to the field is observed. This MR behavior can be attributed to Intergranular MR (IMR) well known for granular FeO x systems [25] . In short, the IMR effect is observed when the current has to tunnel and/or hop between magnetic grains. The probability of the tunneling/hopping step depends on the relative magnetic orientation of the interfaces of these grains. The magnetization of the interfaces of these grains is very hard to align with an external magnetic field and therefore a linear slope is observed. The low Fe/O ratio of 66/24 = 2.75 in sample M3 compared to M1 and M2 (∼4.1) confirms the increased resistivity due to the increased amount of insulating FeO crystals. The details of the magnetic behavior and the transition between AMR and IMR will be published elsewhere [21] . To summarize, we have plotted the MR perp results in figure 7(b) versus resistivity. In the region indicated by the line with positive slope (ρ < 10 3 μ cm) the MR perp is obtained at 2 T since this part is dominated by AMR. In the region that is dominated by IMR (ρ > 10 3 μ cm), indicated by the line with negative slope, the MR perp obtained at 9 T is plotted. With increasing resistivity a transition from pure AMR to IMR is observed, related to the increasing amount of FeO x grains as was observed with HRTEM.
Saturation magnetization
To determine the saturation magnetization (M S ) of the small deposits we have performed Hall effect measurements. The result can be seen in figure 8(a) where we show the Hall effect resistivity (ρ H = V H /I ) measurements for samples M1 and M2, where V H is the measured Hall voltage at current I . ρ H increases at low fields until magnetic saturation is reached. For higher fields, only the ordinary part of the Hall effect is observed which is proportional to the applied magnetic field. From the intersection of linear fits to the anomalous and ordinary Hall parts a measure of N M S can be obtained, where N is the demagnetization factor of the structure in the direction perpendicular to the substrate [6] . This leads to an M S of 1371 ± 16 kA m be discussed further in a future dedicated publication [21] . Previous results on AHE in Fe films indicate that the magnitude of the effect correlates with the sample resistivity [26] , as observed here. The Hall effect analysis could not be performed on the low Fe-containing deposit M3 due to a very low Hall effect signal making the fit to the ordinary and anomalous slopes impossible.
Conclusion
We have shown that we can deposit functional Fe nanostructures using FEBID and exhibit ferromagnetic behavior when a high Fe/O ratio and Fe content is obtained (>65 at.%). By adding H 2 O during the deposition we can tune the Fe content which leads to increasingly large FeO x crystals in the deposit as seen from HRTEM images. Tuning of the Fe/O ratio by adding H 2 O might open up extra ways to tune the magnetic switching behavior of small deposits. Furthermore, further tuning of the process could lead to FeO x crystals that have interesting applications in spintronics or biomedical applications [25, 27] . The resistivity of the deposits scales with the amount of Fe in the deposits. The highest Fe content samples show a resistivity only seven times higher than pure Fe but exhibit clear AMR. A transition from AMR-to IMRdominated MR is seen for decreasing Fe content (increasing oxygen content), indicating that the addition of H 2 O during the deposition leads to the formation of FeO x grains showing IMR. The obtained M S from the Hall measurements indicated that the amorphous Fe as seen in the HRTEM images closely resembles the magnetic properties of pure Fe.
Our results show that functional magnetic nanostructures can be created.
Combined with the local direct-write characteristics of FEBID, this could allow for complex threedimensional ferromagnetic structures, paving the way for new magnetic or even spintronics devices.
